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Abstract: Effects of melt temperature and casting speed on microstructure and mechanical properties of Cu-14%Al-3.8%Ni (mass 
fraction) alloy wires fabricated by continuous unidirectional solidification technology were investigated. It was found that the 
average size of columnar grain in the alloy decreased and grain boundary turned clear and straight with increasing the casting speed 
at a given melt temperature. When the melt temperature was up to 1 280 °C, the β1 phase gradually transformed into lozenged and 
lanciform 1γ ′  martensite, as well as parallel-sided plate 1β ′  martensite. The alloy with numerous coarsely dendritic γ2 phase has 
poor mechanical properties due to the difficulty of stress-induced martensitic transformation. When the amount of the γ2 phase 
reduced and the coarse dendrite γ2 phase evolved into the fine square particles, the elongation of the alloy increased gradually with a 
decrease in tensile strength. Meanwhile, the plasticity of the alloy could also be improved by increasing the amount and size of 
martensites, particularly the lanciform 1γ ′  martensite. When the alloy was almost composed of coarse lanciform 1γ ′  martensite, the 
tensile strength and elongation of the alloy could be up to 772 MPa and 18.9%, respectively, and the tensile curve consisted of three 
transformation platforms. 
Key words: shape memory alloy; continuous unidirectional solidification; columnar grain; martensitic transformation 
                                                                                                             
 
 
1 Introduction 
 
In recent years, Cu−Al−Ni shape memory alloys 
(SMA) have attracted an increasing attention due to their 
low cost, excellent aging stability and thermal stability as 
well as higher operating temperature [1, 2]. However, the 
engineering application of the alloy has been restricted 
seriously because equiaxed polycrystalline Cu−Al−Ni 
alloy is prone to intergranular fracture during plastic 
deformation due to the large grain size and the existence 
of brittle γ2 (Cu9Al4) phase [3]. It is believed that the 
mechanical properties of polycrystalline Cu−Al−Ni alloy 
can be improved effectively by grain refinement and 
texture control. Both of them play important roles in 
relaxing stress concentration at grain boundary, which 
favourably prevents intergranular fracture and improves 
plasticity of the alloy. However, the fatigue and memory 
properties of Cu−Al−Ni alloy with fine grain are 
considerably limited. Furthermore, the fine grains 
inevitably tend to grow up during hot-working or heat 
treatment, leading to the degradation of mechanical 
properties [4]. On the other hand, based on the special 
competitive growth mechanism of crystal, the continuous 
unidirectional solidification technology can generate cast 
products with a beneficial texture [5]. Therefore, the 
highly oriented grains are deformed coherently under the 
axis load, which is helpful to avoid severe stress 
concentration at grain boundary [6, 7]. 
At present, columnar-grained Cu−Al−Ni alloy wires 
and pipes have been successfully fabricated by 
continuous unidirectional solidification technology. It 
has been found that their mechanical and memory 
properties are close to those of the single-crystalline 
alloy, and considerable effort has been made to discuss 
the cause of significant improvement of the properties 
from the point of the shape, size and orientation of the 
columnar grains [7−9]. Nevertheless, it is well known 
that the mechanical behaviors of Cu-base SMA are 
closely associated with the thermoelastic martensitic 
transformations (MT) which occurs under applied stress 
and temperature field [10, 11]. In addition, distinct 
difference in type and the maximum strain of the 
stress-induced MT strongly depends on the initial 
microstructure of the alloy [12]. In order to accurately 
control the phases and mechanical properties of the 
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continuous columnar-grained Cu−Al−Ni alloy, it is 
necessary to study the evolution of the martensitic 
microstructures and clarify the influence of this evolution 
on the mechanical properties of the alloy. 
This paper focuses on the evolution of the 
microstructure and corresponding mechanical properties 
of Cu-14%Al-3.8%Ni (mass fraction) alloy wires, 
fabricated by the continuous unidirectional solidification 
technology at different melt temperatures and casting 
speeds. The relationship between different initial 
martensitic microstructures and mechanical properties 
was investigated in order to provide a guidance for 
controlling and improving the mechanical properties of 
the alloy. 
 
2 Experimental 
 
Cu−14%Al−3.8%Ni alloy wires with a diameter of 
6 mm and smooth surface were prepared from pure Cu, 
Al and Ni of 99.99% purity by using the vacuum melting 
and argon-shield vertical continuous unidirectional 
solidification equipment [9]. The melt temperatures were 
set at 1 250, 1 280 and 1 300 °C, respectively, and the 
cast speed varied between 13 and 44 mm/min. The 
cooling water (16 °C) flux was approximately 420 L/h. 
The vacuum was kept a constant of 5 Pa. 
Phase composition of the alloy was determined by 
an X-ray diffractometer (XRD) with an operated voltage 
of 40 kV, a current of 150 mA and a scanning speed of 
10 (°)/min. The MT temperatures of the alloy under 
different conditions were measured using a differential 
scanning calorimeter (DSC) with a cooling rate and 
heating rate of 10 °C/min. Optical microscopy (OM), 
transmission electron microscopy (TEM) and scanning 
electron microscopy (SEM) equipped with an electron 
back scattered diffraction (EBSD) spectrum were 
employed to characterize the microstructures, the 
orientation of β1 phase and the fracture morphologies of 
the alloy. Uniaxial tensile tests at room temperature were 
performed along the axial direction of the alloy wire at a 
rate of 0.02 mm/s, using a MTS810 testing machine. The 
nano-hardness and elastic modulus of the γ2 phase and β1 
phase were determined by a Nano Indenter II 
micro-mechanical probe. 
 
3 Results and discussion 
 
3.1 Effects of processing parameters on micro- 
structures of Cu−Al−Ni alloy wires 
According to the Cu−Al−Ni ternary phase diagram, 
the disordered β phase, which is essential for shape 
memory effect, can exist independently and stably above 
565 °C. The eutectoid reaction of β→α+γ2 happens in the 
alloy at 565 °C. However, the adequate cooling rate can 
suppress the eutectoid reaction, and the β phase can be 
totally transformed into martensites when the temperature 
decreases to Ms (martensite start temperature). In 
addition，the β phase may successively undergo two 
order-disorder transformations (β→β2 and β2→β1) at the 
order-disorder transformation temperature, which is 
between the eutectoid temperature and Ms temperature. 
Therefore, the transformed martensites inherit the order 
of the parent phase [10]. 
Figure 1 shows the XRD patterns of the alloy wires 
fabricated at different melt temperatures. The alloy 
fabricated at the melt temperature of 1 250 °C and the  
 
 
Fig. 1 XRD patterns of alloy wires fabricated at different melt 
temperatures: (a) 1 250 °C; (b) 1 280 °C; (c) 1 300 °C 
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casting speed of 13 mm/min consists of mainly γ2 phase 
and α solid solution phase, as shown in Fig. 1(a). Both of 
them are the products of a hypereutectoid reaction of β→
γ2+(α+γ2), which is ascribe to that the alloy concentration 
is above the eutectoid composition and the 
hypereutectoid reaction is readily to occur at low casting 
speed [10]. Figure 2(a) also shows that there are lots of 
primary γ2 dendrite phase and eutectoid (α+γ2) phase in 
the alloy sample. With an increase in the casting speed, 
the cooling rate of the alloy increases and the 
hypereutectoid reaction can be suppressed gradually. 
Such behavior decreases the amount of γ2 phase and 
increases the amount of β1 phase which is transformed 
from β phase. When the casting speed is up to        
44 mm/min, the alloy is composed of mainly dendritic γ2 
phase and β1 phase (Fig. 2(b)). 
 
 
Fig. 2 Microstructures in longitudinal sections of alloy wires 
fabricated at melt temperature of 1 250 °C (Black arrows show 
columnar-grained boundaries): (a) 13 mm/min; (b) 44 mm/min 
 
Moreover, the grain boundaries of the fabricated 
alloy wires are clear and straight, and all the grains grow 
along the casting direction, as shown in Fig. 2. With the 
casting speed increasing from 13 mm/min to 44 mm/min, 
the average grain size of the alloy decreases from 1 884 
μm to 475 μm. This implies that the average grain size of 
the Cu−Al−Ni alloy decreases remarkably with 
increasing the casting speed when the melt temperature 
remains unchanged. 
Figure 1(b) shows the phase compositions of the 
Cu−Al−Ni alloy wires fabricated at different casting 
speeds at a melt temperature of 1 280 °C. One can see 
that the alloy fabricated at a low casting speed of 28 
mm/min still consists of mainly γ2 phase and β1 phase. 
From Fig. 3(a), the dendritic γ2 phase with 
inhomogenous size distribute locally in the sample. With 
increasing the casting speed to 36 mm/min, the 
hypereutectoid reaction is further suppressed owing to 
the higher cooling rate, which induces the reduction of 
the amount of γ2 phase and their shape change from 
coarse dendrite to fine square and star. In addition, some 
1β ′  and 1γ ′  martensites exist in the sample, indicating 
that thermoelastic MT occurs in the alloy. From Fig. 3(b), 
a small amount of β1 phase transforms into small 
lozenged and plate martensites. When the casting speed 
is further increased to 44 mm/min, the alloy is composed 
of mainly 1β ′  and 1γ ′  martensites, with a few γ2 and β1 
phases left in the sample. The high magnification 
observation for the marked I, II and III zones, as 
indicated in Fig. 3(c), are carried out in Figs. 3(d)−(f), 
respectively. The grey and light parallel-sided plate 
martensite variants are arranged alternately with an 
average width of 5 μm, as shown in Fig. 3(d) (I zone). 
The lozenged and lanciform martensites grow 
remarkably with relatively uniform size, and evolute into 
a typical self-accommodating morphology in order to 
eliminate the transformation strain caused by the 
generation of martensite, as shown in Fig. 3(e) (II zone) 
and Fig. 3(f) (III zone). 
Figure 4 shows the bright-field TEM images and the 
corresponding SAED patterns of the martensites in the 
sample fabricated at the melt temperature of 1 280 °C 
and the casting speed of 44 mm/min. According to the 
SAED patterns in Fig. 4(a), the martensite in I zone is 
identified as 1β ′  martensite and the zone axis can be 
indexed as ].102[  One can see from Fig. 4(a), two kinds 
of parallel-sided plate variants (A and B) align 
alternatively to form the 1β ′  martensite, and the striations 
in each variant are stacking fault [13, 14]. Since the 
phase boundary between plate martensite variants is 
nearly parallel to one of the six {110} parent phase 
planes [15] and the angle between {110} cluster planes 
and growth plane (001) of the β1 parent phase (Fig. 5) is 
45°, it can be seen that the angle between the phase 
boundary of β1 martensite and the casting direction is 
about 45° (Fig. 3(d)). 
From Fig. 4(b), the martensite in II zone is 
identified as 1γ ′  martensite based on the SAED pattern, 
and its zone axis is indexed as [111]. The 1γ ′  martensite 
is composed of the self-accommodating martensite plate 
groups (P1, P2 and P3), which is consistent with the 
striking feature of the martensitic microstructures in 
Cu-based ternary alloys [16]. The striations in martensite 
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Fig. 3 Microstructures in longitudinal sections of alloy wires fabricated at melt temperature of 1 280 °C: (a) 28 mm/min; (b) 36 
mm/min; (c)−(f) 44 mm/min. 
 
 
Fig. 4 TEM morphologies and corresponding SAED patterns of martensites: (a) 1β ′  martensite; (b) 1γ ′  martensite 
 
variants are also stacking fault. The combinations of the 
martensite groups P1/P2 and P2/P3 are called as type 90° 
or type 60° because the {110} cluster planes of the 
variants are either 90° or 60° with each other [15]. 
It is well known that the change in metallographic 
morphology of martensites depends on the twin 
relationship between martensite variants. The variant 
pairs with type II twin-related display plate structure,  
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Fig. 5 Orientation of β1 phase in alloy wires 
 
while those with type I twin-related form lanciform 
morphology, and those with composite twin-related 
appear in lozenged morphology [10,13]. Therefore, it is 
indicated that type II twin-related can be observed 
between the variants of the 1β ′  martensite, and type I and 
composite twin-related can be observed between the 
variants of the 1γ ′  martensite, as shown in Figs. 3(b)−(f). 
Figure 1(c) shows the phase composition of the 
Cu−Al−Ni alloy wires fabricated at different casting 
speed at a melt temperature of 1 300 °C. When the 
casting speed is low (28 mm/min), the alloy is composed 
of mainly lanciform 1γ ′  martensite and some lozenged 
martensite. A few γ2 phase and β1 phase also remains in 
the sample (Fig. 6(a)). When the casting speed is 
increased to 36 mm/min, some star-like γ2 phase still 
exists in the alloy besides the 1γ ′  martensite (Fig. 6(b)). 
This means that precipitation of the γ2 phase cannot be 
fully suppressed under the all conditions of this study. 
Furthermore, the casting process will be unstable when 
the casting speed is further increased. 
 
3.2 Effect of microstructure on mechanical properties 
of Cu−Al−Ni alloy wires 
The tensile stress—strain curves of the Cu−Al−Ni 
alloy wires under various conditions are shown in Fig. 7. 
It can be seen that the stress—strain curves of the alloy 
under conditions a−c are steep with high strain hardening 
rate and show a typical characteristic of brittle fracture 
without remarkable yield limit. Figures 2 and 3(a) shows 
that numerous coarsely dendritic γ2 phase particles form 
in the alloy under conditions a−c. Such microstructure 
generally induces very low plasticity of the samples, 
because the hard and brittle γ2 phases act as effective 
obstacles to the motion of the phased interfaces making 
the martensite transformation more difficult during the 
tensile deformation [17]. In addition, the hardness and 
elastic modulus of γ2 phase are much higher than those of 
β1 phase (Table 1), which induces the γ2 phase to separate 
from the β1 phase easily when the alloy is deformed. So, 
micro-crack initiates at the γ2/β1 phase interface due to  
 
 
Fig. 6 Microstructures in longitudinal sections of alloy wires 
fabricated at melt temperature of 1 300 °C: (a) 28 mm/min;   
(b) 36 mm/min 
 
 
Fig. 7 Tensile stress—strain curves of alloy wires: (a) 1 250 °C, 
13 mm/min; (b) 1 250 °C, 44 mm/min; (c) 1 280 °C, 28 mm/min; 
(d) 1 280 °C, 36 mm/min; (e) 1 280 °C, 44 mm/min; (f) 1 300 
°C, 28 mm/min; (g) 1 300 °C, 36 mm/min 
 
Table 1 Nano-hardness and elastic modulus of γ2 phase and β1 
phase 
Phase Nano-hardness/GPa Elastic modulus/GPa 
γ2 phase 7.63 170.0 
β1 phase 5.05 109.2 
 
the dimples and expands quickly with increasing stress. 
This behavior gives rise to the intergranular fracture of 
the alloy, as shown in Fig. 8. 
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Fig. 8 Tensile fracture of alloy wires fabricated at melt 
temperature of 1 280 °C and casting speed of 28 mm/min 
 
Figure 9 shows the XRD patterns of the Cu−Al−Ni 
alloy wires after tensile test. In the alloy under condition 
c, the peak intensity of the 1γ ′  martensite is much lower 
than that of the γ2 phase or β1 phase. This implies that the 
stress-induced MT is difficult to proceed in the 
columnar-grained Cu−Al−Ni alloy with numerous γ2 
phases, which induces the high tensile strengths, high 
hard rate and low plasticity of the sample. From the 
analysis of the microstructures and the corresponding 
tensile curves of the alloy under conditions a−c, it can be 
found that the amount of the γ2 phase has a great impact 
on the mechanical properties of the Cu−Al−Ni alloy 
wires, namely, the tensile strength decreases from 955 
MPa to 856 MPa, but the elongation increases from 2.0% 
to 5.3% with the amount of the γ2 phase decreasing from 
69.2% to 54.7%. 
 
 
Fig. 9 XRD patterns of alloy wires after tensile fracture:     
(a) 1 300 °C, 28 mm/min; (b) 1 280 °C, 44 mm/min; (c) 1 280 
°C, 36 mm/min; (d) 1 280 °C, 28 mm/min 
 
In Fig. 7, however, the tensile stress—strain curves 
of the Cu−Al−Ni alloy wires under conditions d−g are 
composed of several stress-induced MT platforms, and 
the plasticity of the alloy is improved significantly with a 
decrease in tensile strength. On the one hand, a great 
reduction of the amount and size of γ2 phase in the 
samples weakens the pinning effect of the precipitates 
which impedes the movement of phase interface during 
the deformation. On the other hand, with increasing melt 
temperature and casting speed, the occurrence of 
martensitic microstructures of the alloy facilitates 
martensite reorientation and continuous stress-induced 
MT under applied stress. Such behaviours favourably 
improve the plasticity of the Cu−Al−Ni alloy wires. 
Compared the tensile curves d with e shown in  
Fig. 7, it can be seen that their tensile strengths are 
almost the same, 723 MPa (d) and 727 MPa (e), 
respectively, but the elongations increase from 11.7% (d) 
to 14.0 % (e). This can be ascribed to the change in 
microstructure of the alloy under conditions d and e. 
From Figs. 3(b)−(f), the microstructure fabricated at the 
casting speed of 36 mm/min is composed of mainly fine 
lozenged (type I and composite twin-related) 1γ ′  
martensite with low mobility. However, the 
microstructure fabricated at the casting speed of 44 
mm/min is composed of mainly the parallel plate 1β ′  
martensite (type II twin-related) and lanciform 1γ ′  
martensite (type I twin-related) with high mobility under 
the applied stress [13], with a few lozenged 1γ ′  
martensite in the alloy. In addition, the γ2 phase in the 
alloy fabricated at the casting speed of 44 mm/min is 
finer and more uniform in size. Therefore, the alloy 
fabricated at the casting speed of 44 mm/min has a 
higher plasticity. 
From Fig. 9, new peaks of 1β ′′  martensite can be 
found in the XRD patterns under the conditions d−f. 
Since the tensile stress−strain curves of the columnar- 
grained Cu−Al−Ni alloy are similar to those of single- 
crystal Cu−Al−Ni alloy [12], 1γ ′ → 1β ′′  stress-induced 
MT takes place in the alloy during the tensile 
deformation at room temperature of 20 °C, which is 
lower than the Ms of 30 °C. Therefore, the alloy is 
composed of γ2 phase together with 1γ ′  and 1β ′′  
martensites after the tensile test. From the tensile curve 
of d shown in Fig. 7, it can be seen that the 
111 βββ ′′→′→  MT and the reorientation of 1γ ′  
martensite variants take place in the alloy following by 
the elastic deformation of the β1 phase when the stress is 
increased to about 94 MPa, which induces the first 
transformation platform in the tensile curve. When the 
stress is further increased to about 640 MPa, the elastic 
deformation of the 1γ ′  happens and 1γ ′ → 1β ′′  MT 
proceeds until the tensile fracture occurs, which results in 
the second transformation platform. From Fig. 7, the 
tensile curves of d and e are basically similar, but the 
critical stress related to 111 γββ ′→′→  and 1γ ′→ 1β ′′  MT 
of the tensile curve of e is lower than that of the tensile 
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curve of d. 
The tensile curve of f in Fig. 7 shows that the tensile 
strength and elongation of the alloy fabricated under 
condition f are improved to 772 MPa and 18.9%, 
respectively, and the curve consists of three 
transformation platforms. The alloy under condition f is 
composed of mainly lanciform 1γ ′  martensite, whose 
interfaces exhibit high mobility under applied stress  
(Fig. 6(a)), and there are only a few very fine γ2 
precipitates in the alloy. Such microstructures can be 
responsible for significant enhancement of the 
mechanical properties. It can be seen from Fig. 9 that the 
alloy is composed of mainly 1β ′′  and 1α′  martensites 
after the tensile test, indicating that new 1β ′′ → 1α′  MT 
occurs in the alloy following by the 1γ ′→ 1β ′′  MT. The 
1β ′′ → 1α′  MT proceeds until the tensile fracture occurs, 
and correspondingly the third transformation platform is 
formed. In addition, the similarity in the tensile curves of 
g and f suggests that the alloys under conditions f and g 
have similar mechanical properties, as shown in Fig.7. 
 
4 Conclusions 
 
1) The melt temperature and casting speed have 
profound effect on the microstructures and mechanical 
properties of the continuous columnar-grained 
Cu-14%Al-3.8%Ni alloy wires. With increasing the 
casting speed at a given melt temperature, the average 
size of columnar grain in the alloy decreases, and grain 
boundary turns clear and straight. When the melt 
temperature is up to 1 280 °C, the β1 phase transforms 
into parallel-sided plate 1β ′  martensite as well as 
lozenged and lanciform 1γ ′  martensite, and the amount 
and size of the martensites increase with the casting 
speed. 
2) The alloy with numerous coarsely dendritic γ2 
phases has poor mechanical properties. When the amount 
of γ2 phases reduces and the coarse dendrite γ2 phases 
evolute into the fine square particles, the tensile strength 
of the alloy decreases, but the elongation increases 
gradually. The mechanical properties of the alloy can 
also be improved by increasing the amount and size of 
1γ ′  and 1β ′  martensites, particularly the spear-like 1γ ′  
martensite. The alloy fabricated at the melt temperature 
of 1 300 °C and the casting speed of 28 mm/min has 
better mechanical properties than other conditions, which 
is almost composed of coarsely spear-like 1γ ′  martensite. 
The tensile strength and elongation are up to 772 MPa 
and 18.9%, respectively. Its tensile curve consists of 
three MT platforms: the first one is identified as the 
111 γββ ′→′→  MT and the reorientation of the 1γ ′  
martensite variants, and the second one as well as the 
third one are identified as the 1γ ′→ 1β ′′  and 1β ′′ → 1α′  MT, 
respectively. 
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